
i\(fl) .. II (1.02 X 6.2) - 0.1S8 II is I since in lbe far field a uniform field ellisls over lbe entire swface of lbe passive reOecIOr.

o.(ft) .. dilllJlCtel' of (larger) paqboIic on the shcrt padt L .. -1.2 + 43.1 - 135.9 + 46.9 + 46.9 - 135.9 + 43.1 - 1.2 - - 94.2 dB

DMlI .. I since bolh antenlllS lie the same size. Now lees move !he refleclOr 10 • hill .500 fcct from !he receive end.

10 Ioc(d 1/20.2 / i\1) .. JO log (.500/12 X 102/0.158)) = -4.0 L ... Tl + Gl + OIl + Orr + Grr + «2 + N2 + Or - Tr

N2(dB) .. -2.3 dB from Figure 7. where. as before, N2 is lbe nell' field correction lerrn.

L _ -1.2 + 43.1 - 14J.9 + 43.1 - 0.5 + 43.1 - 91.9 - 2.3 + 43.1 - 1.2

.. - 66.6 dB

III

Dr

.. diamefer of lbe parabolic receive InlCnna

=widlb of die (square) reflecror projection onlO!he uansmission palh

1010g(d/l2IJr2Ii\» = 10 log (.500/(2 X 102/0.158»

This is much beller. The loss is much closer 10 the free space loss of the direc. pa.h. This poin.s

lllI' lbe nccessily of limi.ing lbe use of back 10 back plII'Ibolic anlennas 10 short palhs or loealions

nell' one end of a long nnsmission padt.

Da/Dr .. 10/10 =I

=-4.0

Siollc Passiyc RCJICIW !.oss (rccgngular rr;Or:&!Ilrl N2 .. -3.2 dB from Figure 9.

Using !he calculations from lbe previous examplesFor long padts. a physically large reflec.or is an improvemenl from a palh loss perspective. LeI'S

replace die 10 foot parabolic anlennas of die previous elWl1ple widt a R:Clangular Oa. melal plale 10

fccI by 14.1 feel lilled 45 degrees relative 10 each pa.h of nnsmission (C =90 degrees). The

reOeclor's projec.ion on each padt would appear as a 10 fOOl square sheet ThaI projcclion is used

10 calcuJale area.

L = -1.2 + 43.1 - 141.9 + 46.9 + 46.9 - 91.9 - 3.2 + 43.1 - 1.2

=-59.4 dB

Consider die case lrealCd previously of a 30 mile palh wilh !he passive R:CWlJular reflcclor in the

middle of !be palh. The palb loss is similar 10 !he previous case CECpt !here is no loss between lhe

reOector m:eiving anleMl and transmitting anlCnRl - Ibey are lbe same object

A popular ahemale procedure is 10 calculale the palh loss ignoring lhe rdJccIOT and dten add a

lXJIJl'.Ction flClOl' N 10 acc:ounl for !he introduction of the rel1ector inlO !he padt.

L - - Tl +GI +011 +Grr + Gtr+ 012 +Gr - Tr

L .. - Tl + Gt + 01 + N + Gr - Tr

... 58.ldB + N from our fITSt eumple.

AU lerms lie lbe same as previously ellccpt

Grr .. Gtr .. +11.1 + 20 101(6.2) + 10 Ioc(10 X 10) + 10g(1) .. 46.9
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N .. - I.1dB from Figure 12.



L = - 58.1 - 1.1 = -59.2 which is in reasonable agreement with the

previous result.

values of signal strength produced by natural phenomena should be considered in the design of a

radio communication system.

DoobJe Reflector Passive Repeater Loss Predicting fades is not an exact science. Thrower (31) observed,

Let's consider the previous example of a single 10 foot square passive reflector at the midpoint of a

30 mile path. As we noted previously, the combined .-th loss for this case is

Sometimes it is necessary to use two passive renectors in I back to back configuration to make

sharp bends not possible with I single reflector (eg. sending I signal over a hill). These two

renectors will usually be so large and so close that they will be in the near field of each other. It is

possible to perfonn the calculations for the three paths and calculate the loss using the correction

factor from Figure 10. A faster way is to calcullte the loss using a single passive (using the

smaller of the two rectangular reflectors) and adding I correction factor from Figure 13.

1010g(d/l2Da2 /?o.» = 10 log (SOO/(2X 102/0.158)) =-4.0

Now let's replace the single 10 foot passive by I pair of 10 foot square passives separated by 500

feet.

per the previous calculations. Therefore. the combined loss taking the N factor from Figure 13 is

L

Db/Da

L

= - 94.2 dB

=10/10 =1

=-94.2 + N =-94.2 - 2.6 = -96.8dB

"On the philosophical side of the dB ledger, one doesn't like to see a fade but, being

practical, you can't make absolute predictions as to whether a path will fade or not, since

we live in a terrestrial environment, rather than in theoretical free space. Even path testing

is not an absolute way of establishing the reliability of I path, since 10 do it properly, one

would have to run a propagation test over the path, with the planned towa- height and with

the planned antenna sizes for a minimum of a year in order to obtain data under all

environmental conditions, and even that will vary from year to year, witness the drought

stricken areas of the country for 1976 - 1977. Tests made, for example. in the PacifIC

Northwest during hat winter, would result in totally different results cOf11lared to normal

wet years in that region and a planned II-GHz radio path would be defective when

weather conditions return to their more normal saturated state.

It is for these reasons that one canllOt, and should not, guarantee a path and the potential

system user should be wary of those who offer to guarantee the path because it just can't

be done. The experienced systems manufacturer and the experienced consultant don't and

won't and shouldn't. The user should always be cautioned that there is always the

possibility of fading although the path will be designed using the techniques that have been

found to offer best protection against fading."

Most fading can be categorized as atmospheric absorption (including rain anenuation), multipath,

diffraction (shadow), loss (earth bulge), Antennl decoupling. Ind ducting. Often, fading is a

combination of these types. A general introduction is given in the following paragraphs.

RECEIVED SIGNAL VARIATION (FADING)

The predicted vllues of received radio signal strength are usually based on a standard atmosphere

(one which has 110 ducts. 110 refractive index dilCOl'ltinuities, and 110 turbulence). Natural variations

from the standard atmosphere thlt occur It various times and places are produced chieny by

VariitionS in the temperature and wlter Vlpor content of the actuilitmosphere. They can cause

considerable variation (fading) in the actual signal strengdl received compared to that predicted

from I theory which Issumes a static standard Itmosphere. These variltions in the predicted
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ATMOSPHERIC ABSORPTION

Path loss caused by atmospheric absorption is primarily due to atmospheric gases and rain. At

frequencies below 60 GHz:, attenuation due to frozen moisture (eg. snow or ice crystals) cln be

neglected. The only signifICant loss due to precipitation is caused by liquid raindrops. This loss

will be overviewed later. Atmospheric gas absorption is due to resonance of various molecules

and I broad nonresonlnt loss due to oxygen and water vapor. Below 100 GHz. the only

significant resonances (31 are due to water vapor (H20) at 22 and 68 GHz. ozone (03) at 67 and



The allenuation of a signal due to rain is a function of the size distribution of raindrops as well as a

funclion of rain rate and the terminal velocity of the drops. 1lle size distribution is a fUllClion of the

type of rain (eg, thunderstorm, drizzle), and terminal velocity is a function of J'lIindrop shape

which is a function of rain type and wind. Olsen, Rogers, and Hodge (27) suggest that the Laws

and Parsons (18) size distribution and the Gunn and Kinzer (14) terminal velocity results are the

most reliable data to date. If the raindrops are assumed to be spherical, Ii is given by Olsen.

Rogers, and Hodge (27) as

96 GHz, and a broad band of oxygen (02) resonances from 61 co 68 GHz. Due 10 atmospheric

pressure, the absorption resonances are broadened so that significant absorption is observed near

the resonance frequencies. Oxygen anenuation is sensitive to temperature variations but its

contribution is masked by water vapor loss. Water vapor loss is a moderate function of

lemperature above roughly 26 GHz. With little loss of accuracy, the loss dependency on

tempenIlUle can be ignored. 1lle above losses have been plOlted in Fig. IS. As point of reference,

in fog a visibility distance of 10 meters equates to about 10 gm/m3 of water. Likewise, 50 meters

indicates I pm3• 100 meters indicates 0.4 pm3• and 500 meters indicates 0.04 mlm3.

RAIN LOSS

13 (dB/km)

R(mmIhr)

'" aRb

'" rain J'lIte

1lle rain allenuation observed on a radio path is a function of the

following~ variables:

At higher radio frequencies, large amounts of rain can have a significant effect on system radio

inloCrference ,cross-polarization discrimination, and path altenuation. 1lle interference and cross

polarization discrimination effects are short lived and generally are not a significant degradation to

terrestrial paths. Path attenuation, however, has a significant impact on path design. TiliOlson (321

observed the considerable effect J'lIin can have on path design. He observed that for a rain rate of

100 rom (4 in)lltr, a normal 4- or 6-GHz path of 30 10 60 km (20 to 30 mi) designed for a 4(}-dB

fade: margin would be unaffected by J'lIin. However. co maintain the path within the 4O-dB fade

range, the path length would have to be reduced to 9.2 kID (S.7 mi) at II GHz, 3.7 km (2.3 mi) at

18 GHz. or 2.1 km ( 1.3 mi) at 30 GHz.

ll(dB)

13 (dB/km)

Y

L

'" 13 Y L

'" altenuation of a signal in J'lIin of constant density and rate

(allenuation due to point rain J'lIte)

'" path correction factor (conversion factor from point rain

rale co path averaged rate)

'" path Ienglh
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where a and b must be calculated. Based on an assumed spherical shape for J'lIindrops and various

rain distributions and J'lItes, Olsen, Rogers. and Hodge 127) calculated the theOl'Ctical values for a

and b for various atmospheric temperatures. Rain altenuation is a modCJ'llte function of

temperature. Comparing altenuation of 0" and lOoC, attenuation is slightly greater at 0" for

frequencies below 10 GHz or greater than 20 GHz. Table 7 lists values for a and b for 2O"C and

spherical rain with the Laws and Parsons distribution. These results are in Cllcellent agreement

with Medhurst's results (2S) for J'lIin J'lItes of S mm/hr or greater. Photographs have shown that

rain, rather than being spherical, is actually flattened or concave. A slightly better approximation

is to assume that raindrops are elliptical. Based on this approximation, vertically polarized signals

experience less attenuation than do horizontally polarized signals. Horizontally polarized signals

experience altenuation slightly greater than the altenuation predicted by spherical J'lIindrops 125).

Based on Lin's data (19) 121) for II, 18.1, and 30 GHz and Nowland, Olsen, and Shkarofsky

126) for 13 and 19.3 GHz, Table 8 was produced. The table lists the percentage that vertical

attenuation 13 v(dBlkrn) is less than horizontal allenuation 13 h (dB/km). 1lle table lists the values of

(100 113 h -13 v ) 113 h) as a function of rain rate. Rain J'lIte data is taken by measuring the tocal rain

accumulated in a rain gauge in a period of time (integration period) and dividing by the integration

time. The measured rain rate varies considerably with rain gauge integration time. A very short

integJ'lltion time produces widely varying results due to wind and spatial variations. A long

integration time reduces the effect of short duration high rain rate. Fig.16, based on Lin's results

1201 (23), shows the effect of gauge integration time. Bussev (5) observed that a rain J'lIte of I

mrnlhr represented light rain, 4 mrnlhr moderate rain, 16 mrnlhr heavy rain. and 100 mm/hr

represented a cloudburst.



The attenuation measured at one point of a radio path is not totally representative of the allenuation

of the path taken as a whole. The relationship between point rain rate allenuation is a complex

function of rain gauge integration time and probability of rain cell size and occurrence. Lin (21)

(23) suggests that if the point rain rate R is measured with S-minute integration time, Y is given

by

I
y

L(km)

L'

= L' II L'+L}

= path length

= 2636/1 R - 6.2]

had been operating over the previous long time period. Exactly the same data will probably not be

obtained if measurements are made over the next couple of decades. However. this data represents

the best estimate of the rain rate which would not be exceeded over any I year. The actual rain

rate measured over anyone specific year will be different than the average value. Average values

should not be confused with worsl-Case values. Osborne [28] observed that the worst-case I-year

rain rates can exceed long-Ierm averages by 2.S to 10 times. Worst-case month or hour rates can
exceed long-term averages by extremely large factors. Engineering paths based on worst-case

statistics lead 10 very uneconomical radio systems. As Osborne [28] observed. at the present time

there is no definitive proven solution to this problem. There is no practical method to Iimil the

worst-case outage time for radio paths with loss dominated by rain attenuation.

R(mmlhr) ~ 10

Crane [7} suggests a slightly more complicated model. Un's model yields a Y factor less than

unity. His model is accurate primarily for high rain rates (R greater than 2S mmlhr). Crane's model

yields a Y factor less than unity for high rates and greater than unity for low rain rates. This

IICCOOnts for the obsetvation that although the rain rate at one location may be low, it may be much

higher elsewhere. High rain rates. however. indicate that the obsetvation point is near the center of

maximum rain intensity. Either Un's or Crane's result is reasonable for the high rain rates that

dominate short high frequency path design. Un's requires the use of a S -minute rain rate; Crane's

uses a I-minute rate. Lin, Bergman, and Pursley's results in Fig. 16 can be used to conven belween

rain rates.

The previous cak:ulations have assumed a point rain rale R which will not be exceeded more than a

percent of the time. The actual rain rate at any instant is quile erratic. Long-term rain rate dala

pthered from a single rain gauge requires a very long time base (several years) 10 yield stable

statistics. If the time base is not suffICiently long. the sholt-term results lend to underestimate (or

occasionally ovuestimate) the long term.IUF sample average. Data taken over a period of less

than 10 years [7] is generally unreliable for moderate rain rates. Incidence of high rain rates at a

single point is so low that a much longer time base (a few decades) is required 10 obtain stable

statistics (12). Fig. 17. based on Lin's 20 years of Unircd States data 123). shows the range of

rain rates for various cities. Crane (7) gives estimated rain rates for various locations of the world.

The prea:ding rain rate data is based 011 disaibulion. measured over one or two decades. The rain

rateS obcained from this data represent the rates that would have been measured if the radio path
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It should be noted that it is the rainfall rate that determines outage time, not the Iotal annual amount

of water that falls. The nonhwest coast of the United States is a primary example of a very wet

region where there are vinually no rain-related path outages. Large-scale climatological factors

(28) which seem to bear some relation to high rain rates are number of thunderstorms, late

summer humidity, and total July precipitation. These are probably related because mosl of the rain

rates large enough to cause an outage are due to thunderstorms. Terrain should also be considered

since rough terrain and mountains contribute to the fonnation of thunderstorms. In mountainous

regions. precipitation tends to increase with altitude. When moist winds are lifted by a mountain

chain. the windward slope tends to have heavier precipitation than the lee side. One side of a hill

exposed 10 prevailing winds may have very heavy rainfall while areas on the other side may be

quite dry.

In addition to losses in the path. rain on antenna radornes and passive rencctor surfaces can

increase losses at higher frequencies. Blevis 141 derived the loss of a thin sheet of water. He then

related hemispherical radorne dimensions to water thickness based on rain rates. He obsetved that

a thickness of 0.01 0 inch of water would be produced by SO mmlhr of rain on a radome of 2.5

foot radius or 12.S mmlhr on a radorne of Io-foot radius. This waler layer would produce 2.S-dB

loss at 3.1 GHz and 8.1-dB loss at 16 GHz. Lin 121) also reported experimental results. At 12

GHz., the loss of a Io-foot diarnen:r. Io-year old conical radorne varied from 2.S dB for a light

waler sprinkle 10 7.0 dB for a heavy sprinkle. At 20 GHz with a IO-mmlhr water rate, a new

radome caused about 2.S-dB loss while a month old radome caused 8-dB loss. Weathering of the

radome caused it 10 hold more water than the new ndome. Hogg (12) obsetved that during heavy

rain, each antenna radome would cause 3- to 6-dB attenuation at II GHz and 4- to 8-dB

attenuation at 20 GHz. The variation was a function of radome material, shape. age. wind velocity



AlIDOIpheric multipath fading is relatively independent of path clcarancc. The fading becomes

more frequent, faster, and deeper as distaIICC or frequency is increased [101. As frequency or

diSWICC is increased, the swistics of the received signal approach the disuibution of Rayleigh.

Af1cr the multipath fading has reached the Rayleigh disuibution, further increase in either distance

or frequency increases the number of fades to a given depth but dc:creasc:s the duration so thai the

product is essentially constanl [41.

If a received signal envelope voltage. V, at an instant of time has a Rayleigh distribulion (as

mcuurcd over a long period of lime). the probability. p, thai it has a value less than or cquallo L

is given by

P{~) .. 1_ e-L2

v2 .. instantaneous received signal power relative to unfaded power

L2 .. specifIC faded power level relative to unfaded power

The instantaneous fade depth in dB is - 20 Iog(v) .. - 10 log (v2). The specifIC fade depth in dB is

- 20 Iog(L) .. - 10 log (L2). For L smaller Ihan 0.1 (fade greater than 20 dB)

p{vSL) .. L2

and direction, and rain rale. Al 110Hz, lotal palh loss due 10 IWO wei radomes is sometimes

eSlimaled al4 dO 121] [281 for path design purposes.

ATMOSPHERIC MULTIPATH FADING

Mulripath fadinggcncrally takes one of lWO forms. The first. almOSphcric mulripath, is caused by

the received signal being composed of several signals arriving al the receive site by slightly

differenl paths from lhe transmitter. The different transmission paths are causcd by slighl rime and

space dependenl variations in the atmospheric refnctivc index. This phenomenon is the same one
thai causes stars to twinkle al nighL Since the relative time delay of the variOUl received signals

will change as the atmosphere varies randomly. the c:oIqlO5iliC received signal wiD vary widely and

rapidly. This fading will be worse if obstruction (earth bulge) or refleclive fading bas already

reduced the level of lhe dominant received signal. Figure 19 shows typical received signal

variation during multipath fading.

DeLange 18] noticed that for a 22-mile palh operating al 40Hz, palh differences were from a

fraction of I foot to 1 feet with 3 feel being the moSI common. Kaylor 1141 made several

observations on a typical 31-mile. 4-GHz path with no sisniflCanl ground refleclions. He

observed thai deep multipath fades (greater than 20 dO relative to nonnaI propagation conditions)

always showed definite frequency selectivity (JI'CalIoss only occurred over a relatively narrow

frequency range). The deep fading was caused by at Icast four to six different component rays.

To acCOllJlt for the fact thai fading is not as severe as Rayleigh for shon, low-frequency palhs,

Bamca II] modified the probability to

p '" rL2

The amplitude of the short palh signals was larger than longer path signals, bul depth of fade _

primarily a function of long palh signal amplilude. Deep fading was largely uncorrclated for

frequencies separated by more than 160 MHz (4 percent separation) but was highly correlated for

frequencies within 80 MHz (2 percent) of the deep fade notch. Deep fading usually occurred with

a wide frequency loss of al least 10 dB (for deep fades of 30 to 40 dB, broadband losses were

lypicaUy 10 to 20 dB).

where r is a correction faclor 10 accounl for path variables. As implied by Barnell'S figure 8 [ I I, r

should be limiled to lhe range 0.01 to 1.0 (1.0 indicating full Rayleigh fading). Lin's results 1221

indicate fading is only worse Ihan Rayleigh for paths with a relalively constanl interfering

ref1cction (such as over water paths). Fading is gcncrally much beller than Rayleigh for relalively

short paths. Barnett III suggests r is given by

.. 2.50 x 1O-6 c fD3

98

Most multipath fadinS occurs belween midnighl and 9:00 am [I] during the sunmer and early fall

(6). Frequency diversity helps reduce deep fading bul has no effecl on shallow fades. The space

correlation of fading signals is large in the horizonlal plane. However, il is small in Ihe vertical

plane under severe fading conditions. Therefore, vertically spaced (lransmil or receive) space

diversily anlennas can be used 10 reduce fading. Space diversity is as good or beller Ihan

frequency diversily for muhipalh or relleclive fading 133] and sometimes beller for long. slow

fades due to defocusing and ducting [351.



for f, the operating frequency in GHz, and O. the path length in miles. For 0 in kilometers

= 6.00 1l10-7 ef 0 3

The c flCtor is I function of path Iocltion. For good piths. c is 0.2S; for Iverage piths. 1.0; and

for bad paths. 4.0. some sources have ellpanded the nnge of c to 0.1 to 10. A good path would

genenlly occur in an area chancterized by dry climate. hilly or mountainous country with rough

terrain, nre occurrence of calm weather or atmospheric stratification. or launch angles ellceeding

one-half degree. Avenge paths would be hilly or flat country (nOl marsh or sail flats) with

occasional calm wClther or alroospheric stratification; coastal areas with modente to low

tempc:ntures (1lOI Gulf CoaS! or over wlter); or hot, tropical regions with steep launch angles. Bad

paths would have low launch Ingles over flat ground or in warm coastal regions or tropical

regions. humid areas where ground miSt forms, wet or sWlmpy terrain (eg. irrigated fields).

conditions favonble for atmospheric stntiflCltion (eg. broad pmcected river valleys. moors). or

OYCI' water (eg, inland lakes, sea). Vigants (33) suggested that c could be modified to account for

Iemln roughness by making

due to reflections from the ground. water. nearby objects. or stable atmospheric layers. Unlike

atmospheric mullipath. fading due to thesc reflective signals is relatively slow-changing since the

secondary paths are relatively stable. If the fading is due to cancellation between the main signal

and a single reflected signal. the composite signal will be a minimum when the reflected signal is

reflected from an obstacle an even Fresnel zone radius from the main path. The composite signal

will be a maximum if the radius is odd. Genenlly. reflective fading is nOl a problem for paths

over heavily wooded ternin or for paths so far above the reflecting surfaces that the transmit and

receive pallcms discriminate against reflections. Aat paths can have reflections. Paths over water

or sail flats almost always have reflections. Reflections can be reduced by blocking the reflection

(using screen or high-low path design). tilling the antenna, or using spaced antennas. II is

common to usc two receive antennas (space diversity) to combat the effect of mullipath. AllOIher

method is to reduce antenna height at one end of the path while nising it at the other end to block

the reflection or move it to a location less likely to be reflective (high-low path design). This

technique makes one site elevated so as to provide the n:quired clearance; the other site is located

near ground level. The reOcction point can be placed at a selected location by slight changes in the

lower antenna height and gcognphical location. Even if the path is reflective. this technique

reduces the difference between the direct and reflected paths when compared to midpath reflection.

c .. O.S (w/S(J)" J.3 for good paths OBSTRUCTION (DIFFRACTION) FADING

c .. 1.0 (w/SO)-1.3 for average paths

c .. 2.0 (w/S(l)-1.3 for bad paths

where w is I path roughness factor in rms avenged fect. This factor is introduced to quantify the

observation that paths over rough ternin fade less than paths over smooth. Presumably this

happens because stable atmospheric layering is less likely to occur over rough tcrnin. Figure 20

shows the calculated and observed received signal level statistics of a 30 mile path in the Dallas

IrQ.

REFLECTION (FRESNEL ZONE) FADING

The second form of mullipath fading is reflective fading (sometimes called Fresnel zone fading).

nis fading. like that caused by atmospheric multipath. is due to the reception of scvenl signals

from~ diffcn:nt JIllths. The concepI is ell8Ctly the same used in optics. Indirect signals arrive
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Radio waves normally travcl outward along ndial lines from their source. except when deviated

by refraction or reflection. AIlOIher condition under which radio wavcs deviate from a stnight line

is called diffraction. Whenevcr radio waves encounter an obstructing object. some of the energy

of the wave is diffracted at the edges of the object and bccornes bent around the edge. This is a

direct resull of Huygens' principle of secondary radiation. This reduces the shadowing effect of

objects which are opaque to radio waves. Diffraction fills pan of the shadow arel with some

energy from the wave. The curved surface of the canh is the edge of one such object. Other

objects may be buildings, trees. hills. or mountains. or structural parts of a ship or airplane. If the

obstructing object is small and sublends only a small angle. as secn from the source of radiation.

the region at a considenb\e distance behind the object may become filled in and suffer lillie or no

shadowing effcct. Close behind the object. however. shadowing will be observed. Shadowin~

due to the canh causes the field strength to decrease npidly with distance beyond the radio

horizon. In general. an ellact determination of signal strength for various path clearances is

difficult. The obstruction loss genenlly falls somewhere between the knife-edge diffraction and

flat-sheet reflection cases shown in Fig. 14.



The first Fresnel zone radius Flit any point 00 the radio path is given by the following:

FI

dl

d2

do

.. first Fresnel WIle radius

• distance from one end of path 10 reflcction point

= distance from other end of path 10 reflection point

= toIa1length of path

.. dl +d2

In mountainous terrain where tenninals are locatt:d on dominating ridges or peaks, I single Fresnel

WIle clearance. or even less. will usually be sufficient 10 avoid this effect H only llimiled range

of refractive index gradients is encountered. a f1fSl Fresnel zone clearance. or less. is sufficient.

For those microwlve paths where subrefractive index gradients are encountered. increlsed

clearances are required. Diffraction fading in the sense used earlier may also occur when I strong

super-refractive Ilyer is positioned slightly below the tenninal antennas. The severity of this Iype

of fading will be reduced somewhat by terrain reflections or contributions from subrefractive

layers positioned below the diffracting layer which can dircct energy back lOWard the receiver.

These contributions are a function of the gradients within and below the diffracting llyer and allO

of the terrain roughness.

f .. frequency of operation

For FI in feet. do. d I. and d2 in miles Ind fin GHz:

From experience. various rules of thumb have been developed 10 reduce obslnlCtion fading 10 an

insignificant effect. CCIR (13) suggests the following guidelines for line-of-sight radio plllbs

(where A is the fust Fresnel zone radius):

FI = 72.1 (dl d2/ f do) 112 For frequencies below I GHz, allow obstruction clearance of

For F I in meters, do. d I. and d2 in kilometers and fin GHz: 1.00 A for K =4f3

FI .. 11.3(dl d2/fdo)112 For frequencies between I and 1 GHz, allow obstruction clearance of

From I clusical physics point of view. the quantity (bJF1)2 defines the Fresnel zone (or fraction

of the zone) cleannce of an obstacle as measured perpendicular to the line of wive propagation. In

practice: it is measured in a line perpendicular 10 the earth. For nonnaI microwave paths. there is

no signifICant difference. Bullington (4( used (bJFl) 10 define path clearance. Since that time.

common usage has been to define (h,lFl) as Fresnel zone clearance rather than (bJFI)2.

A panicular form of diffraction loss is called obstruction fading. When the K factor becomes less

than one (see Fig. 18). the radio wive is bent upward. Under extreme cases the receive path can

be panially or completely blocked. This type of loss is called "Eanh bulging" because the Eanh

appelrs 10 bulge up into the radio path. The power fades that occur due 10 diffraction by the

earth's surface are generally supponed by I subrefractive (positive) gradient of refractive index.

This type of fading can persist for several hours to depths of 20 or 30 dB. The fading is

essentially independent of small sclle changes of frequency. but may be reduced or avoided by a

proper choice of tenninal anlt:nna heights.
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0.30 A for K =2f3

For frequencies greater than 1 GHz. allow obstruction clearance of

0.8 A for K =1/10

White (41) of GTE Lenkurt proposed the following guidelines for highest reliability (heavy route)

systems:

For areas of good-lO-average propagation conditions. allow obstruelion clearance of

0.30 A for K .. 2f3. or

1.00 FI for K .. 4f3.

whichever is greater



For areas of difficult propagation conditions. in addition to the above clearance criteria. add the

following

For 2-GHz paths longer than 8 km (36 miles). allow obstruction clearance of 0.60 FI for K

-I

For all other paths. allow obstruction clearance of

0.00 A (grazing) for K =1/2

For moderate reliability (light route) systems, allow obstruction clearance of

3 meters (10 feet) plus 0.60 FI for K .. 1.00

White observes that cleanmce evaluations should be carried out along the entire path. nOl just the

center. Often. one criterion is controlling for obstacles near the center of the path and another is

controlling near the end. Near the path ends. the Fresnel zone ndius and eanh bulge are

negligible. However. it is good practice to maintain a minimum obstacle clearance of 15to 20 feet.

The heavy-route criteria are conservative guidelines and often result in c1eannce heights required

only in the more difficult propagation areas. Even these criteria, however. are not adequate to

protect alainst fading due to severe surface duets (blackout fadinl). If blackout fading is expected.

ISO feet of c1eannce above the eanh at all path poims for K .. I should be imposed.

Vilants (33) of American Telephone and TeleJll1lph (Bell System) and other Bell sources suggest

the following guidelines:

For good propagation areas. allow obstruction clearance of

whichever is greater

For diffICult propagation areas. allow obstruction c1eannce of

0.00 A (gnzing) for K = 1/2

For very difficult propagation areas. allow obstruction cleannce of

0.00 A (gnzing) for K .. 5112

The preceding guidelines apply to the normal or main antennas. If space divenity is used. the

criterion for diversity antenna clearance is less stringent.

For the diversity antenna path. allow obstruction clearance of

0.60 A for K = 413 with at least 10 feet in the ftrSt500 feet from the

antenna.

This usually permits placement of the diversity antenna at an appropriate level below the main

antenna. If the path temin is nonreflective. multipath fading improvement is achieved by placing

the divenity antenna at least 200 wavelengths below (or above) the main antenna.

To analyze a microwave path for conformance to the above guidelines. the profile of the earth

along the rnnsmission path is ploned on rectangular gnph paper. The microwave beam is then

shown as a stnight line between the two points. This represents the radio or light ny for K of

infinity. An h value is then subtncted from the ny height to show beam bending due to various

potential K values. The h correction value is given by the following:

0.60 A for K =I. or

0.00 A (JlI1Izing) for K .. 2/3.
whichever is greater

For avenF propagation areas, allow obstruction clearance of

0.30 FI for K .. 2/3 or.

1.00 A for K .. 413.
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h

p

dl

d2

.. the change in vertical distance from a horiwntal reference line

.. location where h is determined

.. distance from p to one end of path

.. distance from p to other end of path



K = effective earth radius factor

For h in feet and dl and d2 in miles

h = [dl d2] I [1.50 KJ

For h in meters and d I and d2 in kilometers

b '" [dl d2J /[12.74 K]

To lIdjuSl for ray curvature, subtract the above h value from the height of the ray above a flat eanh

or add the h value 10 the height of the eanh below a straight ray.

In unusually severe propagatioo areas (such as southern United States coastal areas) path lengths

are often limited to 20 miles to reduce tbe occurrence of obSllUCtioo fading to a reasonable level.

Good propagation areas are regions with low humidity and/or temperatures and significant

turbulence (eg, mountainous regions). Mountainous areas such as the Alps. Andes, Atlas,

Himalayas, and Rockies are good examples. Average propagation areas include most of

continental Europe and North America and most tropical and cold maritime countries. Difficult

propagation conditioos are related to high humidityand/or temperature area where alrnospheric

turbulence is Il()( prevalent (layering is prevalent). In the United States. tbis includes the south

eastern coastal region (Texas through North Carolina). Southern California, and the Great lakes

region. Most subtropical and warm maritime countries fall into this category. Very difficult

propagalion conditions are usually associllled with high humidity and temperature and frequent,

severe, extensive atmosphere layering. Tropical coastal areas and most desen regioos are in this

category.

POWER FADING

Power fllding due to antenna decoupling refers to the loss of signal that occurs for transmission

and reception of the signal outside of, or at the extremities of, the main lobe of the antenna patlem.

Variation of almOSpheric refraction can cause changes in the apparent angle-of-arrival of the line·

of-sight ray, panicularly in the vertical plane, and can ~foreeffectively cause a reduction in

cain ill the antennas used at the radio patb terminals. Mcasun:ments made in the United States

over a path of 28 kilometers, at frequencies of .. and 24 GHz, show that the angle-of-arrival can

change rapidly by as much as 0.75 degree above and below the normal line of sight. Another
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source observed 0.5 degree of angle·of-arrival variation on a 39 kilometer path. Variations in the

venical angle-of·arrival of up to one-half degree have been observed on a 4O-kilomeler path. This

effect is proponional to the path lenglh and can introduce several decibels of loss for high gain

antennas and long line-of·sight paths. Because of the venical variations in angle- of-arrival,

antennas having half-power beam widths less than 0.5 degree should generally be avoided for

line-of·sight paths. This limi18tion can be used as one criterion to determine maximum apenure

size for antennas and the maximum venical dimension for passive repeaters. This loss may be

minimized by specifying a suffICiently broad antenna beam so that the expected variations of the

angle of arrival are matched or exceeded.

DUCT FADING

Refraction (bending) of a radio wave occurs when the wave speed on one side of the beam is

reduced below that on the other. The bending is in the direction of the reduced speed, and its

degree is directly proponionallO the amount of speed reduction with distance (ie, the gradient of

wave speed) normal to the beam axis. Since refractivity N is a ratio of wave speeds, it follows that

the gradient of refractioo normal to the radio wave axis indicates the direction and amount of the

resultant radio refractioo. Refractioo is a function of the gradient and not of discrete values of N.

Significant gradients of N in the atmosphere nortrlally occur ooly in the venical, and these are

specified as positive or negative (ie, increasing or decreasing N-values with height respectively).

Positive N-gradients cause subrefractioo (ie, upward bending of a radio wave), and negative N

gradienls cause superrefraction (ie, bending downward toward the curvature of the eanh's

surface). Extreme superrefraction is called ducting or trapping, since it results in the wave

following a path which approximates the curvature of the eanh . Gradients of N averaged over a

world wide basis are shown in Ftg. 15. This figure also related N gradient to K factor. Gradients

of N, which result in gradients of wave speed and refractioo of a radio beam, are in tum the results

of characteristics of the atmosphere. The significant atmospheric propenies in this respect are waler

vapor content and density. Of lhese, waler vapor content is. in general, the most important.

Whenever a horizontal layer of air has its normal propenies altered so that the refractive index

decreases rapidly with increase in height, strong downward bending of any nearly horizontal rays

traversing the layer will occur. The curvature of these rays often exceeds the curvature of the

eanh's sudace. A layer of air baving this propeny is called a ducl. Ducts may be divided into two

types, pound (surface) and elevated. The underside of a ground based duct is in con18ct with the

eanh's surface while the underside of an elevated duct is above the eanh's surface and overlies a

layer of normal air. Prolooged fading, or signal enhancement, can result from propagation through



duets, especially when either the ttansminer or the receiver is located within the duct. Signals may

be trapped within the duct and propagated far beyond the horizon. Ducts may also cause multipath

f8ding. Two conditions arc necessary to form a duet The first is for the refractive indell gradient

to be equal to or more negative than ·167 N per kilometer (-23 N per mile). This means that K

must be infinite (flat earth) or negative (extreme superrefractivity). The second necessary

condition is that the gndient must be maintained over a height of several wavelengths. For ducts

100 to 30 feet thick, trapping will occur for frequencies between 2 and 13 GHz respectively. Of

COIrSe, this cutoff relationship is only approximate since ducts have vague boundaries.

Because the energy within the duct spreads with distance in the horizontal but is constrained in the

w:nicaI dim:tion, it is possible in principle thai the field strength within a duct may be greater than

the free-space field strength for the same distance. The transmission power loss might be

expected to be proportional to the distance d, instead of following the free space d2 law (power

loss in dB a function of 10 log Id) rather than 20 log Id». Some energy will steadily pass out of

the top of the duct, thereby adding to the transmission loss within the duct. A consequence of this

leakage is that the field strength just above a duct at a distance well beyond the normal horizon

may be higher than if the duct were not present. The signal level within the duct would be higher

than nonnaJ even if the transmitter were just outside the duet. Conversely, the duet may cause

much lower signal strength above the duct top if the ttansmitter is within the duct, or much lower

signal strength within the duct if the transmitter is above the duct. Normally, the refractive indell

cradient will not be constant with horizontal distance, so a duct will have horizontal limits beyond

which the radio energy reduces rapidly. Also, the transmission loss within a duct will change

considerably as a function of time as the duct characteristics change. This type of fading

mechanism is the likely source of many so called space wave fadeouts. The fading is not generally

sensitive to small changes of frequency or of spatial position of the antennas and cannot be

remedied by commonly used diversity techniques.

Ground-based ducts may be formed by an unusually rapid decrease of water vapor with height. or

an increase in temperature with height, or both effects together. Two causes associated with the

sea or large areas of water are evaporation and advection. Evaporation of water vapor from the

surface of the sea may cause a zone of high humidity (ie, high refractive index) below a region of

drier air. Such ducts are panicularly likely to occur in the afternoon due to prolonged solar

heating. The duct thickness is typically 1.5 m. Over tropical seas, the high humidity existing ncar

the surface produces almost pennanent duets that may contain a change of some 40 N-units.

Adwctioft. the movement of one air type over anodler, may cause hoc dry air (from the land) to be

blown over cold wet air. producing a region of low refractive index about a region of high
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refractive indell. This is most marked at evening with the onset of a land breeze. The duct

thickness is typically 25 meters. Such a duct may also form when warm dry air is blown over cold

ground. Radiation cooling may also produce temperature gradients which cause ground based

dueting. This occurs when the ground cools at night due to the absence of cloud cover. Air next

to the ground becomes colder than that higher up, and the process continues as the ground

continues cooling. The duet becomes thicker as the night continues. This phenomenon is fairly

commonplace in desen and tropical climates.

There is no comprehensive data available to permit calculation of duet f8ding statistics for a

panicular path. It is generally unwise to extrapolate fading statistics for one area to apply to some

other part of the world. Fading is related to local conditions and refractive indell.

A severe form of fading produced by surface duets has been tenned blackout fading (17). Low

clearance paths traversing areas supponing superrefractive ground-based layers have ellperienced

complete loss of signal for periods of up to 24 hours due to the blackout phenomenon. The fades

are sudden, catastrophic, and nonselective (although widely spaced antennas are sometimes

effective). A rising atmospheric layer (usually not visible. but sometimes associated with visible

steam fog formed over warm water or moist ground) may intercept and trap the path. The failure is

occasionally preceded by renection fades (renection path from the layer) and an obstruction fade.

CONa.USION

For the last few pages the nonequipment related system design considerations have been

overviewed. Radio system performance is highly dependent of the choice of proper antennas and

careful path design. No single anicle can begin to treat the topics adequately. However, the

various topics are pursued in considerable detail in (16). The intent of this article is to acquaint the

~ader with the most significant system design topics.
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Table 2 Typical Rado Carrier to Interference Objectives (Cochannel Interference)

CII Objective (dB)
Interfered System FreQuency Band

4GHz 6GHz 11 GHz
1200 (;hannel FDM-~M 63-76 62-81 61-89
1800 Channel FDM-FM 65-85 63-83 64-94
2400 Channel FDM-FM . 62-80 64-92
2700 Channel FDM-FM . 63-84 73-96
5400 Channel SSB - 54-90 .
525 Une NTSC Video 66·68 54-68 62·70
45 Ublsec 8 PSK 65 - 75
45 Mblsec 16 QAM 65 - 75
90 Mblsec 8 PSK - 65 75
90 Mblsec 16 QAM - 65 75
90 Mblsec 64 QAM 72 . -
135 Mblsec 16 QAM - . 75
135 Mblsec 64 QAM - 72 81

Table 3 Typical Radio Carrier to Interference Objectives (Adjacent Channel Interference)

Interfered System
(;II Objective (dl'}

FreQuencY Separation
15 MHz 20 MHz 30 MHz 40 MHz
6GHz 4GHz 11 GHz 6GHz 11 GHz

1200 Channel FDM·FM 37-69 27-48 38·60 20-35 20-37
1800 Channel FDM-FM 57-77 35·54 49-72 20-49 20-43
2400 Channel FDM-FM 63-78 · 57-77 20-57 20-53
2700 Channel FDM-FM - · 58-80 - -
5400 Channel FDM-SSB 60-90 · - 20-51 -
525 Una NTSC Video 35-57 22·35 20-52 20 20
45 Mblsec 8 PSK - 25-56 20-75 - 20·45
45 Mblsec 16 QAM . 25 20-59 - 20
90 Mblsec 8 PSK 60·71 · 60·75 23-66 20-34
90 Mblsec 16 QAM 53·61 - 30·67 20-44 20-33
90 Mblsec 64 QAM - 32 . - -
135 Mblsec 16 QAM . · 75 . 45
135 Mblsec 64 QAM 67·69 · 75 20·45 20·40
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Table 1 Terrestrial Frequency Planning Data

1. Site name (with user identitication).

2. Latitude: degrees, minutes, seconds, north or south.

3. Longitude: degrees, minutes, seconds, east or west.

4. Site elevation (meters or feet) above mean sea level.

5. Antenna center line (meters or teet) above site elevation - include data for both main
and diversity antennas if appropriate.

6. Antenna description (manufacturer. type number (eg. UHX·10). type (eg. shrouded

parabolic), feed type (eg, dual polarization hom), aperture diameter (eg, 10 feet) for
main and diversity antennas.

7. Antenna discrimination curves for both copolarization and orthogonal polarization
(cross-polarized) signals.

8. Passive repeater size and type (eg, 10 feet by 10 feet, single billboard) and
manufacturer and type number.

9. Equipment transmitter power and transmission line loss (or waveguide type and length)
or transmitter power delivered to the transmit antenna.

10. Receiver transmission Hnes loss (or waveguide type and length).

11. Transmitter frequency in MHz to nearest kHz (eg, 5945.200 MHz).

12. Transmitter frequency stabiHty (eg, 0.005 percent).

13. TraffIC type (video, telephony. data) and specific loading. If video, specify 525-Hne or

625-line, NTSC, SECAM, or PAL. "FDU telephony, Indicate number of channels

(eg, 1800) and multiplexing plan (eg, ccln Plan 2, 15 SGA). It data indicate bit rate

and modulation method (eg, 135 Ubls. 64 QAM) and if transmitter spectrum meets any
emission mask.

14. Receiver interference susceptibility curves relating CII to performance degradation for

various cochannel and adjacent interfering signals.



Table 4 Typical Worst-case Commercial ParaboHc Antenna Gain (dB Relative to Isotropic
Radiator)

[Diameter m.l".). 0.6(2) t .2(4) 1.8(6) 2.4(8) 3.0(10) 3.7(12) 4.6(15)
F '(GHz)

1.9 · 25.0 28.5 31.0 32.9 34.5 36.4
2. t · 25.8 29.3 31.9 33.8 35.4 37.3
2.2 · 26.3 29.3 32.2 34.2 35.7 37.6
2.4 · 27.2 30.9 33.3 35.2 36.9 ·
2.5 · · 31.0 33.5 . · ·
2.6 · 27.9 31.1 33.6 35.4 37.4 ·
3.7 · · · 36.8 38.8 40.4 42.3
3.9 · · · 36.8 38.8 40.4 42.3
4.0 · 31.4 34.9 37.3 39.0 41.0 42.7
4.7 · 33.0 36.4 38.9 40.8 42.4 44.3
5.9 · · · - 42.9 44.5 ·
6.2 · 35.0 38.5 41.3 43.1 44.8 46.4
6.8 - 36.0 39.4 42.0 43.8 45.4 46.9
7.4 · 36.5 40.0 42.5 44.5 46.0 47.7
8.0 · 37.1 40.7 43.3 45.2 46.7 48.6
8.1 - 37.2 40.8 43.3 45.2 46.7 48.6
8.4 · · 41.0 43.5 45.4 47.0 48.8
10.6 34.1 39.6 43.1 - . · ·
11.2 34.5 40.5 44.0 46.4 47.8 49.8 12.5
12.5 35.4 40.7 44.8 47.3 48.5 SO.6 51.6
12.7 35.5 40.8 45.1 47.6 48.8 SO.9 51.9
13.0 35.6 4t.0 45.1 47.6 48.8 50.9 ·
14.9 36.5 42.5 46.1 48.6 50.5 · ·
18.7 38.5 44.7 - - - - -
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Table 5 Typical Copper Corrugated Elliptical Waveguide loss

Frequency (GHz) Waveguide Type loss

dBI100 m dB/tOO ft
1.9 EW20 2.0 0.60
2.1 EW20 1.7 0.52
2.2 EW20 1.6 0.49
2.4 EW20 1.5 0.45
2.5 EW20 1.4 0.44
2.6 EW20 1.4 0.43
3.7 EW37 3.1 0.94
3.9 EW37 2.9 0.87
4.0 EW37 2.8 0.85
4.7 EW44 4.0 1.2
5.9 EW52 4.0 1.2
6.2 EW52 3.9 1.2
6.8 EW63 4.4 1.4
7.4 EW64 4.8 1.5
8.0 EW77 5.8 1.8
8.1 EW77 5.8 1.8
8.4 EW77 5.6 1.7
10.6 EW90 10.5 3.3
11.2 EW90 10.0 3.1
12.5 EW127 11.8 3.6
12.7 EW127 11.7 3.6
13.0 EW127 11.5 3.5
14.9 EW132 15.4 4.7
18.7 EW180 19.4 5.9
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Table 6 Typical Copper Circular Waveguide Loss

Table 7 Rain Attenuation CoeffICients

T8blI 8 Relative Rain Attenuation tor Vertlcaland Horizontal Signals

IFrequency (GHz) Waveguide Type Loss

dB/l00 m dBI100 II
4.0 WC-281f-269 1.2/1.3 0.36/0.41
4.7 WC-281/-269 1.0/1.1 0.32/0.35
5.9 WC-2811269 0.91/0.99 0.2810.30
6.2 WC·281/·269/-205 0.91/0.9811.6 0.28/0.30/0.50
6.8 WC-281/·269/·166 0.8910.9712.5 0.2710.3010.76
7.4 WC·281f-166 0.8912.3 0.2710.70
8.0 WC·281/·166 0.8912.1 0.2710.65
8.1 WC·281f-166 08912.1 0.2710.64
8.4 WC·281/-166 0.8912.1 0.2710.64

10.6 WC-281/·166/-109 0.91/1.9/4.5 0.2810.5711.4
11.2 WC-2811-166/-109 0.9211.914.3 0.2810.5711.3
12.5 WC-281/-109 0.9514.2 0.2911.30

(G~Z) a b (G~Zl a b
1.0 0.0000317 0.945 11 0.0167 1.181
1.5 0.0000675 0.972 12 0.0233 1.142
2.0 0.000115 1.007 15 0.0459 1.076
2.5 0.000173 1.049 20 0.0859 1.044
3.0 0.000239 1.096 25 0.143 1.007
3.5 0.000311 1.151 30 0.228 0.955
4.0 0.000378 1.219 35 0.337 0.904
5.0 0.000515 1.377 40 0.452 0.864
6.0 0.00106 1.393 50 0.648 0.815
7.0 0.00204 1.380 60 0.775 0.794
8.0 0.00378 1.342 70 0.850 0.785
9.0 0.00674 1.285 80 0.902 0780
10 0.0111 1.229 100 0.958 0.774

o...
+

f R Immlhr)
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Far Field Radiation Patterns
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Figure 16 Averaged Rain Rates for the New York Area
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